Background
Introduction
Symptomatic disc degenerative disease with or without instability is commonly seen at L4-L5 and L5-S1 levels. Surgical management of this pathology involves decompression and fusion of the affected levels. Traditional open and newer minimal access techniques have been used to achieve these goals. Minimal access procedures are technically demanding and involve a learning curve. Attempts are being constantly made to develop and perfect new minimal access procedures. Paracoccygeal approach to L5-S1 junction with transsacral instrumentation using AXIALIF implant has been developed in recent years and has shown promising clinical results and reliable biomechanical stability. Biomechanical evaluations of a two level implant for L4-S1 fusion showed encouraging results which have led to clinical application of the two level implant. 1 Clinical results from two level implants are being evaluated. The transsacral screw is a two piece assembly that consists of an L4-L5 rod and a sacral anchor lagged together by a distraction rod. This transsacral screw is designed to distract the disc spaces to allow space for the bone graft and increase the size of the neuroforamen. After insertion of the implant the L4-L5 disc space is distracted by the thread pitch differential in the L4 and L5 components of the L4-L5 rod. At L5-S1 the disc space is manually distracted by a specialized screw driver that engages the distraction rod. Segmental distraction with the transsacral screw can lead to increases in the neuroforaminal dimensions. This may lead to indirect decompression of the nerve roots which may provide relief from radicular symptoms and avoid direct decompression in well selected cases. However there have been no studies on changes in neuroforaminal dimensions after insertion of the transsacral screw. The purpose of this study was to examine the changes in neuroforaminal height at L4-L5 and L5-S1 after insertion and graduated foraminal distraction using the 2 level transsacral implant in a cadaveric model.
Materials and Methods
Six fresh-frozen human cadaveric lumbar spine specimens (T12-S1) were dissected (4F/ 2M, age 70.3 ± 25.7 years, height 174 ± 9cm, weight 85.9 ± 15.6kg,). The bone mineral density of each specimen was evaluated using a DEXA scanner (GE Lunar DPX-IQ) and a lumbar spine protocol (T-score: -0.3 ± 1.4). Each lumbar spine was cleaned of musculature and neural structures, but the facet joints and all ligamentous structures were kept intact. All the specimens were screened via fluoroscopy in order to rule out any major anatomical abnormality (e.g., severe degeneration, fracture, deformity, dysplasia, pars defects, or congenital anomaly).
Each specimen was warmed to room temperature before the procedure to avoid effects of temperature on the nitinol components of the instrumentation system. Neuroforaminal height measures were initially collected prior to the procedure. A manual caliper (accuracy of 0.05mm) was used to measure the foraminal height. This technique was adopted because this technique has shown a lower interobserver and intraobserver variability (κ = 0.79 and 0.81, respectively) compared with measurements performed on CT scans or silicon molds of the foramen (κ < 0.76 and κ < 0.65, respectively). 2 All measurements were performed using the same technique. The vertical dimension, or foraminal height, is the shortest distance between the inferior cortex of the upper pedicle and the superior cortex of the lower pedicle. At both L4 and L5 the inferior surface of the pedicle exhibits a concave shape and has an oblique orientation in the coronal plane, the medial border being located cranially with respect to the lateral border, which thus represents the most inferior portion of the pedicle. This inferolateral border, however, is usually located laterally to the top of the pedicle below; therefore, it cannot be used as a bony landmark for the measurement of the foraminal height. So at both L4-L5 and L5-S1 the narrowest vertical diameter through which the nerve root has to pass was measured as a vertical line drawn from the top of the lower pedicle to the inferior border of the upper pedicle ( Figure 1 ). Bilateral neuroforaminal heights at both L5-S1 and L4-L5 were measured preoperatively and recorded as baseline measures.
The insertion of the transsacral implant was performed in a standard manner under fluoroscopic control by a spine surgeon trained in performing the procedure. The technique for insertion involved passing in a series of dilators over a guide wire inserted in the L4-S1 disc spaces. A series of reamers are passed over the guide wire to establish a working channel into the disc spaces. A thorough discectomy is performed through the working channel using radial disc debulkers, disc extractors and end plate rasps ( Figure  2 ). After discectomy the size of the presacral implant (Trans1, Inc., Wilmington, NC, model AxiaLIF 2L+) to be inserted was finalized using c arm images and standard templates provided by the manufacturer. Bone graft was not inserted into the disc spaces for the cadaveric procedure. The implant was a 2 piece assembly that consisted of the L4-L5 rod and the sacral anchor lagged together by a distraction rod. The L4-L5 disc space is distracted by the pitch differential between the L4 and L5 components of the L4-L5 rod ( Figure 3 ). The L5-S1 disc space is distracted manually by a screw driver that engages the distraction rod that lags the L4-L5 rod with the S1 anchor ( Figure 3 ). At L4-L5 various levels of pitch differential are available and a pitch differential level of 10-12 was used in this study. This is the maximum pitch differential offered with the implant and meant there were 10 threads per inch in the L5 section and 12 threads per inch in the L4 section of the L4-L5 rod. A fixation rod locked the implant after completion of manual distraction ( Figure 3 ).
Following confirmation of acceptable implant placement using fluoroscopy, the neuroforaminal height was measured bilaterally at both L4-L5 and L5-S1. Then graduated distraction at L5-S1 was started. The screwdriver for L5-S1distraction was inserted and Fig. 2 . Surgical preparation of the working channel from L4-S1 disc space and the L4-5 disc space preparation prior to insertion of the implant. Fig. 3 . Components of the AxiALIF 2 level implant. Indirect distraction at L4-5 is created as a result of a variable thread pitch of the L4-5 component. Manual indirect distraction at L5-S1 is created by rotating the distraction rod and the S1 anchor components. rotated until the L4-L5 rod and S1 anchor were engaged by the distracting mechanism. An increase in resistance to the rotation of the screwdriver signaled the beginning of the distraction of the L5-S1 disc space. Distraction was carried out by rotating the screwdriver through 180 degrees (a half a revolution at a time) and then measuring the neuroforaminal heights of L4-5 and L5-S1. This process was continued till the screwdriver lost resistance or the implant was seen backing out at the sacrum. C arm images were taken at regular intervals to monitor the distraction process and to evaluate the implant for loosening. Figure 4 shows C arm images before and after distraction at the L5-S1 disc space in one of the cadavers.
The neuroforaminal heights at L4-5 were statistically analyzed and student's t-test comparisons were made to examine differences between baseline and post-implant measurements bilaterally as well as differences in symmetry between the left and right neuroforamen. The neuroforaminal heights at L5-S1 were averaged and plotted for each half revolution until maximal distraction was reached. Student's t-test comparisons were made to examine differences between baseline and maximal distraction measurements bilaterally as well as differences in symmetry between the left and right neuroforamen. The slopes of the neuroforaminal height vs distraction curves were analyzed using regression analysis. A significance level of α = 0.05 was used for all statistical analyses.
Results
Mean L4-5 neuroforaminal height increased from 18.2 ± 3.1mm to 20.3 ± 2.9mm on the left and from 18.8 ± 2.8mm to 20.6 ± 2.3mm on the right. This represented a statistically significant increase of 11% on the left and and 12% on the right (P < 0.05). Mean L5-S1 neuroforaminal height increased from 15.7 ± 3.0mm to 18.4 ± 2.8mm on the left and from 15.6 ± 2.1mm to 18.3 ± 1.8mm on the right. This represented a statistically significant increase of 17% on both sides at L5-S1 (P < 0.05). Figure 5 shows the increase in neuroforaminal height at L5-S1 as the disc space is distracted. The slope was significantly greater than zero with approximately 1mm gain in neuroforaminal height per revolution of the driver. Technically it meant the neuroforamen distracted by 1mm on average for every complete revolution of the screw driver. Maximum distraction occurred between 2-3.5 revolutions of the driver. On continued attempts at distraction the screw started backing out at the sacral end. In each cadaver at least 2 full revolutions of screwdriver were allowed before the screw started backing out. Two out of the 5 cadavers allowed 3 turns, while one cadaver allowed 3.5 turns of distraction. As the disc space reached the point of maximum distraction the resistance to further distraction was found to increase exponentially. On continued attempts at distraction a clear give way was felt as screw started backing out at the sacral end. In the youngest lumbar specimen (which was 28 years of age), it was impossible to rotate the screw any further beyond maximum distraction. In addition, the screw did not back out on attempts at further distraction. There were no significant differences between the left and right neuroforaminal height measurements.
Discussion
Degenerative disc disease in the lower lumbar spine can lead to stenosis of the lumbar spinal canal as well as the neuroforamen. In the lumbar spine the neuroforamen is shaped like an inverted tear drop. It is bounded superiorly and inferiorly by the pedicle of the adjacent vertebrae. The posterior boundary is formed by the pars interarticularis and ligamentum flavum. The anterior boundary is formed by the posteroinferior margin of the superior vertebral body, the posterior margin of the intervertebral disc, and the posterosuperior margin of the inferior vertebral body. 34 Neuroforaminal height in the lumbar spine has been variously documented to range form 17mm to 21mm. 2, 5 Degenerative changes in the motion segment can lead to loss of disc height and facet joint arthritis. This can lead to neuroforaminal stenosis caused by subluxation of the superior articular facet, protruding annulus and osteophytes from the posterolateral portion of the vertebral body. The dorsal root ganglion normally occupies approximately 23% to 30% of the area of the foramen and lies within the superior lateral portion of the lumbar intervertebral foramen directly below the pedicle in 90% of lumbar levels. 6, 7 Neuroforaminal stenosis caused by degenerative changes can lead to nerve root compression in the superoinferior or anteroposterior direction leading to symptomatic radiculopathy. Conventional fusion procedures can involve direct decompression of the neuroforamen by posterior approach to the lumbar spine. Alternatively the neuroforaminal size can be increased indirectly by anterior interbody distraction with spacers or posterior distraction with pedicle screws. 7, 8, 9, 10 Chen et al reported an increase in the neuroforaminal area by 29% atL4-L5 and by 33.8% at L5-S1 after ALIF using a cylindrical cage in a human cadaveric model. 9 Wang et al reported a 10% increase in the foraminal height at L3-L4 after ALIF in fresh calf spines. Such indirect decompression of the nerve roots can relive radicular symptoms of stenosis.
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As opposed to direct decompression of the neuroforamen this reduces the handling of the nerve root and may prevent iatrogenic nerve root injury.
Transsacral instrumentation of lower lumbar spine is a novel approach to L4-S1 anterior interbody fusion. Accessing these disc spaces through the presacral approach when coupled with percutaneous posterior segmental fixation can reduce surgical time, trauma and post surgical recuperation period. The 2 level transsacral screw has been designed to distract the disc spaces and consequently the neuroforamina. At L4-L5 it can cause disc space distraction due to thread pitch differential between the L4 and L5 segments of the L4-L5 rod. At L5-S1 it allows manual control of disc space distraction using a specialized screw driver that engages a distraction rod that lags the L4-L5 rod and the sacral anchor of the screw as has been explained earlier (Figure 3 ). This cadaveric study was planned to evaluate the ability of this system to indirectly increase the neuroforaminal height. We found a significant increase in the neuroforaminal height at both L4-L5 and L5-S1 levels. At L4-L5 the foraminal height increased by 11% on the left and 12% on the right. At L5-S1 the foraminal height increased by 17% on both sides at the point of maximum distraction. Manual distraction mechanism at L5-S1 allowed on an average 1mm distraction of the neuroforamen per turn of the screw driver. Maximum distraction allowed in cadavers varied, most likely based on bone quality and soft tissue pliability. All cadavers allowed at least 2 full turns of the screw driver. Two cadavers allowed 3 full turns while one cadaver allowed 3.5 turns. As the disc space got progressively distracted, further rotation of the screw driver became increasingly difficult signaling to the surgeon that the motion segment is approaching the point of maximum distraction. A clear give away followed by backing out of the screw at the sacral end was seen on continued attempts at distraction after maximum distraction was achieved. Thus in this cadaveric study this system of transsacral instrumentation was found to allow indirect increase in neuroforaminal size following disc space distraction. However it was found that manual distraction system for L5-S1 needs to be carefully used as maximum distraction allowed at L5-S1 is variable. Although it may not be possible to extrapolate these results as is to conditions in vivo, it is possible that most L5-S1 motion segments will allow 2 full turns of the screw driver or 2mm of foraminal distraction. After this however if the surgeon wants to proceed with further distraction, careful consideration must be given to increasing resistance to distraction. Based on this cadaveric study distraction beyond 3 full turns of screw driver may risk screw back out.
The results from this study have limitations. Firstly, in a clinical scenario it may more difficult to control the direction and placement of the screw as compared to that in a cadaver setting even with preoperative planning, use of fluoroscopy, and careful placement of guide wire in the desired direction and placement of the screw. Additionally and similarly to the majority of biomechanical studies examining fusion constructs, this data is representative of the immediate post-operative period and does not include the natural physiologic loading, stress relaxation, and biological remodeling that will occur clinically. Maintenance of neuroforaminal height will be dependent upon the subsidence during the fusion process, which is a complex process. In addition, the amount of disc space distraction is bound to be variable based on bone quality, soft tissue pliability, and loading conditions. Poor quality of sacral bone can lead to back out of the sacral anchor before desired distraction is achieved. It is possible that in some collapsed segments facet joint capsules and annulus may not be pliable enough to allow any significant distraction. The direction of the screw in the coronal plane, differential pliability of soft tissues on two sides as well as asymmetrical degeneration also may cause asymmetrical height gain. In tall discs the maximum tensile limit of the annulus and other soft tissues might be reached shortly after starting the distraction process. Also it might not be possible to rely entirely on indirect foraminal decompression using this system as a method of nerve root decompression in all cases.
Careful selection of cases, a detailed discussion with the patient regarding possibility of inadequate decompression and requirement of further surgical intervention will be prudent. Although limited conclusions can be drawn from this study it does help in refining the surgical technique for this novel approach and gives insight into the distraction process. Manual gradual controlled foraminal and disc space distraction at L5-S1 is allowed by the implant. It is suggested that surgeons should pay careful attention to the tactile feedback received during a slow and controlled distraction process. Although it is possible that most L5-S1 motion segments will allow at least 2 full turns of distraction screwdriver, it would be prudent to stop when there is an exponential increase in the resistance to distraction. This signals that the motion segment is reaching its distraction limit and should alert the surgeon to stop the distraction to prevent backing out of the sacral anchor. Before making any clear surgical recommendations, reliability and uses of this technology need to be explored further in a clinical setting with respect to the quantitative aspects of neuroforaminal distraction.
